Objectives/Hypothesis: The present study aims to evaluate the degree of anterior-posterior and medial supraglottic laryngeal compression in healthy singers of different voice classifications while singing different pitches, loudness, and phonatory tasks.
INTRODUCTION
Several definitions of laryngeal hyperfunction exist, but a recurrent feature in almost all descriptions includes excessive laryngeal musculoskeletal activity, force, or tension. 1 The basic paradigm for evaluation of laryngeal hyperfunction is to look for compression of the supraglottic structures during phonation. 2 This supraglottic activity may be divided into two components. Anteriorposterior (A-P) supraglottic activity occurs when the petiole of the epiglottis and the arytenoid cartilages are drawn toward each other. Medial supraglottic activity is characterized by adduction of the false vocal folds. 3 Hyperfunction is often considered a sign of abuse or misuse of the vocal mechanism. [4] [5] [6] [7] [8] It is commonly reported in patients presenting with voice disorders, particularly nonorganic voice disorders, such as muscle tension dysphonia. 9 Moreover, the development of many benign lesions on the vocal fold surface has been associated with laryngeal hyperfunction and/or phonotrauma. 10 Although medial and A-P compression have each been accepted as endoscopic signs of vocal dysfunction, some studies have demonstrated that supraglottic activity may be present in normal speaking 3, 9, 11, 12 and singing [13] [14] [15] voice production. Lawrence suggests that belting is often typified by a relatively high laryngeal position, essentially closed ventricular spaces, constricted pharyngeal diameters, an epiglottis tilted over the larynx, and an elevated tongue base. 13 Yanagisawa et al. showed that aryepiglottic constriction was present in twang, belting, and operatic voice production.
14 Pershall and Boone reported that most subjects demonstrated laryngeal supraglottic constriction in different pitches throughout the entire vocal range. 15 There is also empirical evidence that A-P compression may contribute to an acoustic advantage with regard to voice quality if singers can use this feature with no ill effects. Vocal tract adjustments such as laryngeal rise and aryepiglottic and medial laryngeal constrictions are frequently found during "bright" singing voice quality. 16 Narrowing of the aryepiglottic orifice results in greater acoustic energy. 14 Sundberg 17 proposed that the singer's formant (a prominent spectrum envelope peak near 3 kHz associated with the "ringing" voice quality in classical singers) is produced when the crosssectional area of the larynx is less than one-sixth that of the pharynx. The larynx creates a tube that acts as a separate resonator, making the voice carry over the presence of a loud orchestral accompaniment. 17 Although previous studies have demonstrated that supraglottic hyperfunction may not be pathologic during singing, they have included small numbers of subjects, and none has evaluated specific variables that may affect the degree of hyperfunction. The present study aims to evaluate the degree of A-P and medial supraglottic laryngeal compression in healthy singers of different voice classifications during different pitches, loudness, and phonatory tasks. Recognizing factors that affect supraglottic hyperfunction in the healthy voice may help us to understand when hyperfunction is truly dysfunctional.
MATERIALS AND METHODS

Participants
This study was reviewed and approved by the St. John Hospital Institutional Review Board. Informed consent was obtained from 36 adult classical singers (23 women and 13 men). The average age of this subject set was 39.45 years (35 for females, 43 for males), with a range of 19 to 62 years. Voice types were as follows: 11 sopranos, 11 mezzo-sopranos, 6 tenors, and 8 baritones. We were unable to recruit enough altos and basses to put them in distinct groups for statistical purposes. Therefore, we included altos with mezzo-sopranos and basses with baritones. Inclusion criteria for this study included: 1) no history of voice problems in the past year, 2) no vocal cord pathology, and 3) at least 5 years of classical singing training. The average length of voice training was 9.2 years, with a range of 5 to 20 years. Participants were recruited from three different professional choirs and one department of music at an undergraduate institution. All were asked to undergo flexible laryngoscopy (Pentax VNL-1170K; KayPENTAX, Lincoln Park, NJ) with specific voice tasks (see below). Rigid videostroboscopy (Digital Videostroboscopy System 9295; KayPENTAX) was also performed to confirm the absence of laryngeal pathology. All of the endoscopic laryngeal examinations were performed by the senior author (A.D.R.), who is a fellowship-trained laryngologist. Intranasal topical anesthesia was used (oxymetazoline/tetracaine, 50:50). Although 40 singers were recruited, four singers did not meet the inclusion criteria due to vocal fold pathology found at the time of endoscopy.
Phonatory Tasks
During the flexible endoscopic examination, each participant was instructed to perform two different singing tasks: 1) to sing sustained vowels (/i/, /a/, /u/) and 2) to sing the song "Happy Birthday." All of the singers sang in an operatic style. Participants were asked to produce each phonatory task at three loudness levels (pianissimo, mezzo-forte, and fortissimo). Loudness was subjectively controlled by the singers and two of the authors (A.D.R. and C.J.-M.). Subjects were also asked to produce the sustained vowels at three different pitches for each loudness level: A2 (110 Hz), A3 (220 Hz), and F#4 (370 Hz) for baritones; C3 (131 Hz), C4 (262 Hz), and A4 (440 Hz) for tenors; A3 (220 Hz), A4 (440 Hz), and F#5 (740 Hz) for mezzo-sopranos; and C4 (262 Hz), C5 (523 Hz), and A5 (880 Hz) for sopranos. We chose a low pitch, a middle pitch, and a high pitch for each voice classification. The low and middle pitches were chosen to be below the passaggio, whereas the high pitch has to be above the passaggio. For example, for tenors, C3 is a low pitch, C4 is a middle pitch, and A4 is a high pitch (which is also higher than the passaggio). The musical key of "Happy Birthday" was adapted to each singer's vocal classification: E major for mezzo-sopranos and baritones, and G major for sopranos and tenors. Careful control of pitch throughout the sequence was performed. An electronic keyboard was used to give and control the pitch, which was monitored aurally by one of the experimenters, a PhD-trained voice pathologist and singingvoice specialist (C.J.-M.).
Laryngoscopic Evaluation
Each recording was edited into 30 short clips separating the vocal tasks (three vowels at three different pitches, at three different loudness levels; and "Happy Birthday" at three different loudness levels). Each clip was assigned a random number. All sound was removed, and the clips were copied onto a DVD. Two fellowship-trained laryngologists (M.M.J. and L.J.S.) blinded to the purpose and nature of the study were asked to review the clips and rate the degree of both medial and A-P laryngeal compression on a 100-mm visual analogue scale (VAS). They were instructed to evaluate each clip as a whole and could review each clip as many times as desired. Once the VAS evaluations were returned, measurements were taken of the distance from the "no compression" side of the VAS to the reviewer's mark (the larger the measurement, the greater the perceived degree of compression).
Statistical Analysis
Descriptive statistics were calculated for the variables, including mean and standard deviation. A multivariate linear mixed regression model to obtain intraclass correlation coefficient (ICC) to assess inter-rater agreement, controlled by intensity and pitch, was conducted. One-way analysis of variance (ANOVA) or t test for univariate analysis for both medial laryngeal compression and A-P laryngeal compression by loudness level, pitch, gender, voice classification, and phonatory task was used. If there were significant differences in the variables, they were included in a multivariate regression analysis that considers both types of laryngeal compression as dependent variables, and loudness, pitch, gender, voice classification, and phonatory task as predictors. A t test was used to compare overall medial and A-P compression VAS scores. Linear correlation analysis using Pearson linear correlation coefficient (r) between medial and A-P laryngeal compression was also conducted. All analysis was performed using Stata 12.1 (StataCorp, College Station, TX). P <.05 was considered to be statistically significant, and all reported P values were two-sided.
RESULTS
Inter-rater agreement controlled by phonatory task and loudness was good (ICC 5 0.59, 95% confidence interval 5 0.48-0.66, P 5.007). Tables I through V show the results (VAS scores) of each one-way ANOVA or t test for univariate analysis of both types of laryngeal compression in relation to loudness, pitch, gender, voice classification, and phonatory task. Male subjects demonstrated a greater degree (higher values) of both A-P (P 5.0001) and medial (P <.0001) compression than female subjects. Statistically significant differences between the three loudness levels were also found for medial (P <.0001) and A-P (P <.0001) compression; both types were greatest during fortissimo phonation. Regarding pitch, a significant difference was only demonstrated for medial compression (P <.0001). Both types of compression obtained the highest values during sustained vowel /a/ (P <.0001) and the lowest values during the song (P <.0001). Voice classification also significantly affected the degree of medial and A-P compression. Tenors demonstrated the greatest value for medial compression. Baritones showed the highest degree of A-P narrowing. Among the women only, sopranos showed the greatest values for medial and A-P compression. Overall medial compression scores demonstrated lower values (15.09 6 9.26) than overall A-P compression scores (26.76 6 21.65). This difference was statistically significant (P <.0001). Table VI summarizes the results from multivariate regression analysis that considers both laryngeal compression types as dependent variables, and loudness, pitch, gender, voice classification, and phonatory task as predictors. Figure 1 shows the correlation analysis. Medial laryngeal compression significantly correlates with anterior-posterior compression (r 5 0.41; P <.0001).
DISCUSSION
This study was planned and conducted to evaluate the degree of A-P and medial supraglottic laryngeal compression in healthy singers of different voice classifications while singing during different pitches, loudness levels, and phonatory tasks. This study is the first one investigating the effects of these variables on supraglottic laryngeal activity as observed endoscopically. Male sex, loudness, and sustained vowel phonation all were associated with higher VAS scores for both types of hyperfunction. Pitch only affected medial compression scores.
A-P compression has been reported as a regular laryngeal behavior during singing in normal subjects.
3,9,11,12 Yanagisawa et al. 14 described A-P compression in singers in the three loudest voice qualities (belting, twang, and opera) and in loud voice segments. The authors reported that during loud voice the tubercle of the epiglottis appeared to move posteriorly, whereas the arytenoids seemed to move anteriorly and/or to tilt caudally as the aryepiglottic sphincter narrowed the vestibule to the larynx. They also demonstrated that there was more acoustic energy associated with a narrowing of the aryepiglottic orifice and less acoustic energy when the epiglottis was elevated and the orifice widened. This is an interesting outcome that is likely to be related to the so-called singer's formant cluster (a concentration of acoustic energy around 3 kHz associated with the "ringing" voice quality). The singer's formant, as described by Sundberg, 17 may have contributed to the increased acoustic energy associated with anterior-posterior laryngeal compression in the Yanagisawa study. 14 Another reason that could explain why aryepiglottic narrowing might yield a desirable vocal tract in the singing voice is related to the nonlinear theory of voice production. According to Titze, 18 the source-filter interaction and the vocal tract inertance may be increased by narrowing of the epilarynx tube in an A-P direction. Inertance is an acoustic property of the accelerating or decelerating supraglottal air mass in the vocal tract. It may favorably impact vocal fold vibration 19 and allow for more efficient voice production associated with less effort, more resonance, and more powerful sound. [20] [21] [22] Previous studies have suggested that medial compression also may not in and of itself be pathologic or diagnostic of a voice disorder, but rather may be a dynamic supraglottic activity that is a normal component of articulation at the level of the larynx. 3, 9, 12 False vocal fold approximation has been observed in classical singing, as well as other styles. [23] [24] [25] Our findings showed that A-P and medial compression significantly correlated, and therefore occur simultaneously. According to the VAS scores in this study, medial compression showed a significantly lower value than A-P narrowing, suggesting that medial compression does not play as large a role as A-P compression in shaping of the supraglottis in healthy singers. One can extrapolate from this that excessive false vocal fold medial compression might be a sign of pathologic hyperfunction.
Supraglottic hyperfunction was graded as less severe during singing of "Happy Birthday," when compared to sustained vowel phonation. Supraglottic activity seen during sustained vowel production may be referred to as a "static" component of supraglottic activity. 8 Earlier studies have reported that some sounds promote a more tilted position of the epiglottis and/or a more adducted position of ventricular bands. 26 Our findings showed that the vowel /a/ produced more medial and A-P supraglottic activity than the other phonatory tasks. Evaluating supraglottic hyperfunction during singing or connected speech is likely more clinically useful than sustained vowel phonation given that standard vocal tract formations are shaped and held for each vowel. However, recognizing which vowels demonstrate more compression could prove useful for the physician or speech pathologist evaluating the patient.
Interestingly, male subjects demonstrated a higher degree of A-P compression than female subjects in the present investigation. A suitable explanation for this outcome could be the degree of laryngeal lowering used to produce a "covered" quality to the sound. In general men, particularly the lower voice types, use a more covered tone than women. Baritones, not surprisingly, had the greatest A-P compression in this study. This hypothesis is in accordance with Sundberg, 17 who suggested that the lowering of the larynx seems to be a way to obtain greater aryepiglottic narrowing.
Although supraglottic activity may be a normal and even a desirable feature in singing voices, it still may be pathologic in patients with voice disorders. The mean VAS scores in our healthy singer-subjects were <30, suggesting that the hyperfunction was felt to be not overly severe. Perhaps patients with voice problems have more severe hyperfunction. Previous studies have reported a lesser degree of A-P compression for normal controls when compared to patients with organic and nonorganic dysphonia. 3, 9, 12 Aryepiglottic narrowing is probably a learned pattern that is unconsciously developed throughout the years of singing voice training, or it could also be a natural condition of some talented singers. Conversely, A-P compression of the supraglottis may represent a maladaptive muscular compensatory strategy in subjects with vocal pathology, such as vocal fold paresis. It may be difficult to distinguish maladaptive A-P squeeze from aryepiglottic narrowing. The literature and our study support the notion that some aryepiglottic narrowing is present in the healthy, classically trained singing voice. However, more severe compression may be a sign of pathologic hyperfunction.
Our study is limited in that it only looked at supraglottic activity in healthy singers. There is no comparison group of patients with voice pathology. In addition, we only look at the classically trained operatic singer. The study does not provide information on the healthy speaking voice or other styles of singing. One would expect different supraglottic behavior in other singing styles. Hopefully this study will provide further insight for evaluation of the classically trained singing voice and determining when hyperfunctional behavior is contributing to vocal pathology. Future studies looking at hyperfunction in the healthy speaker, in different singing styles, and in singers or speakers with voice problems will be useful. However, recognizing patterns of supraglottic compression in the healthy trained singer and what variables can affect its severity will hopefully prove useful in furthering our understanding of supraglottic hyperfunction in general. Unfortunately, we were only able to recruit a small number of altos and basses; therefore, we grouped them with mezzo-sopranos and baritones. Ultimately, we do not feel our results would vary much with greater numbers of these voice types, as we still had a wide spectrum of vocal range.
CONCLUSION
A degree of increased supraglottic activity is seen in the healthy classically trained singing voice. It is greatest in males, with louder dynamics, and with sustained vowel phonation. A-P compression is also greater with higher pitch and in baritones. Medial compression is less severe than A-P compression in general, not related to pitch, and greatest in tenors. This information may prove useful in furthering our understanding of supraglottic hyperfunction. Future studies looking at supraglottic activity in other vocal styles, in speaking, and in the pathologic voice are needed.
